Introduction
The PFC is associated with several higher order cognitive functions such as rule-based and goal-directed behaviors, working memory, decision-making and reward seeking (Brown and Bowman, 2002; Dalley et al., 2004; Furuyashiki and Gallagher, 2007; Fuster, 2000; Ongur and Price, 2000; Passetti et al., 2002; Robbins, 2000) . The connectivity and intrinsic organization of this region of the brain is optimal for its role in abstract behavioral and executive processes (Dalley et al., 2004; Fuster, 2000; Hoover and Vertes, 2007; Passetti et al., 2002) . The PFC is composed of several anatomically and functionally distinct subregions, including OFC, mPFC, and ACC. In the rodent, OFC is implicated in reversal learning and lower order sensory discriminations (Dalley et al., 2004; Furuyashiki and Gallagher, 2007; Kolb et al., 2004; Murray et al., 2007; Rushworth et al., 2009; Schoenbaum et al., 2007; Sul et al., 2010) , while mPFC is involved in higher order sensory-based discriminations, behavioral flexibility and sustained attention (Dalley et al., 2004; Floresco et al., 2008; McGaughy et al., 2008; Newman et al., 2008) , and ACC is implicated in behavioral impulse control and regulation (Bussey et al., 1997) . Importantly, functional, and to a lesser degree, anatomical, homology exists between rodent and human PFC (Dalley et al., 2004) . These regions are each unique in their afferent and efferent connections (Dalley et al., 2004; Hoover and Vertes, 2007) ; however, several ascending neuromodulatory pathways all converge in these regions to regulate network activity. The purpose of this study was to identify the organization and distribution of cells in NB, VTA, DRN and LC that project to functionally and anatomically distinct subregions of PFC.
The NB is the primary source of cholinergic input to the cerebral cortex (Sarter and Bruno, 2000; Wenk, 1997) and has been implicated in arousal, learning, attention and memory (McGaughy et al., 2000; Sarter, 1998, 1999; Nieto-Escamez et al., 2002; Sarter and Bruno, 2000; Wenk, 1997) . A rough topography has been identified in the primate analog of NB, nucleus basalis of Meynert, such that ante-romedial portions of the nucleus project to the medial surface of the cortex, anterolateral regions project to frontal and parietal cortices and amygdala, intermediate regions project to prefrontal, insular and posterior parietal cortices, and caudal portions project to the superior and temporal cortex (Pang et al., 1993) . This nucleus is less well defined in rodent and its cholinergic projection neurons are more scattered (Sarter and Bruno, 2000; Wenk, 1997) ; however, it similarly stains intensely for cholinergic markers, is situated in roughly the same region of the brain, and has also been implicated in the modulation of higher order cognitive processes (Lehmann et al., 1980; McGaughy and Sarter, 1998; Nieto-Escamez et al., 2002; Sarter and Bruno, 2000; Wenk, 1997) . This group of cells has also been given the designation Ch4 by Mesulam and colleagues (Mesulam et al., 1983) .
The VTA is similarly involved in several higher order cognitive processes such as reward seeking and working memory (Carr et al., 1999; Chambers et al., 2010; Greene, 2006; Grimm et al., 2004; Li et al., 2009; Pang et al., 1993; Schultz, 1998; Vucetic et al., 2010; Wang et al., 2010) . Previous accounts of the VTA projection system indicate that its efferents do not collateralize extensively (Loughlin and Fallon, 1984; Sobel and Corbett, 1984) . Furthermore, these cells have been shown to be topographically ordered with respect to their projection targets (Beckstead et al., 1979; Carter and Fibiger, 1977; Fallon et al., 1978; Fallon and Loughlin, 1982; Moore, 1978a, 1978b; Loughlin and Fallon, 1984; Sobel and Corbett, 1984) such that medial cell groups innervate more medial and rostral structures, while laterally positioned cells innervate more lateral and caudal structures (Loughlin and Fallon, 1984) .
The DRN is one of several midbrain serotonergic nuclei, and the primary source of serotonin to the forebrain. It is involved in the regulation of mood, sleep and waking cycles (Mamounas and Molliver, 1988; Moore and Halaris, 1975; Moore et al., 1978; O'Hearn and Molliver, 1984) . The DRN displays a rough topographical organization (Abrams et al., 2004; Vertes, 1991) such that more rostral structures are innervated by more rostral portions of DRN whereas caudal structures receive input from more caudal clusters of cells (Abrams et al., 2004) . Cortical structures receive input primarily from cells located along the midline and dorsal to the medial longitudinal fasciculus, whereas subcortical structures receive projections from cells located in the lateral wings (Kirifides et al., 2001; O'Hearn and Molliver, 1984; Van Bockstaele et al., 1993; Villar et al., 1988; Waterhouse et al., 1986 Waterhouse et al., , 1993 . Furthermore, it has been shown that DRN cells collateralize more extensively to forebrain structures than do those projecting from VTA (Sobel and Corbett, 1984; Van Bockstaele et al., 1993) and that axons emanating from individual DRN neurons tend to send collaterals to multiple functionally related targets simultaneously (Abrams et al., 2004; Simpson et al., 1997; Van Bockstaele et al., 1993) . The projections from DRN to various subregions of PFC have not been characterized (Tables 1-4 ).
The LC is the only source of norepinephrine-containing fibers to the PFC (Berridge and Waterhouse, 2003; Sara, 2009 ) and, in addition, exerts a widespread influence on neuronal circuitries involved in sensory processing, motor behavior, arousal and cognitive processes (Berridge and Waterhouse, 2003; Cain et al., 2011; Devilbiss et al., 2006; Waterhouse, 2000, 2004; Hurley et al., 2004; McGaughy et al., 2008; McGaughy and Sarter, 1998; Moxon et al., 2007; Newman et al., 2008; Sara, 2009) . Previous reports that describe LC anatomy suggest that this nucleus is highly divergent with only minimal efferent topographic organization Loughlin et al., 1982; Waterhouse et al., 1983 Waterhouse et al., , 1993 , although some LC cells send axon collaterals to multiple target structures along the same sensory pathway (Simpson et al., 1997 (Simpson et al., , 1999 (Simpson et al., , 2006 . However, the nature of the projection from LC to the major subregions of PFC subregions has not yet been explored.
The purpose of the present study was to examine in greater detail the projections from NB, VTA, DRN and LC to OFC, mPFC and ACC with particular focus on efferent topographic relationships and patterns of axonal collateralization within these projection systems. As all of these modulatory pathways are involved in complex behavioral and cognitive processes, become dysfunctional in many forms of neuropsychiatric and neurodegenerative disease, and are targeted by many classes of CNS drugs, it is critically important to understand the efferent connectivity of the neurons comprising these pathways. A preliminary report describing the organizing principles of the LC-and NB-PFC projections has appeared previously in a theoretical review article (Chandler and Waterhouse, 2012) ; only new analyses of the data related to these nuclei are presented here.
Results
Data are reported from 9 of 10 animals where injections were confirmed to be within the anatomical boundaries of OFC, mPFC and ACC. Fig. 1A shows representative fluorescent photomicrographs of injected PFC subregions from a single animal and the extent of tracer diffusion. All subsequent representative photomicrographs were generated from the same animal. Fig. 1B shows the boundaries of the largest (lighter color) and smallest (darker color) injections in each representative section (taken from all 9 animals), and the overlap between these areas (hatched areas). Curves in Fig. 1C represent the mean area filled in each section as a function of its distance from bregma as defined by Paxinos and Watson (1997) . The area under each curve is equal to the estimated volume filled shown in Fig. 1D . A mixed design ANOVA was performed to compare these values, and it was found that a significantly greater volume of OFC was filled than mPFC by tracer injection across all animals (p<0.05). The vast majority of all retrogradely labeled cells were identified ipsilateral to the injection sites; as such, all subsequent analyses consider only the ipsilateral component of these projection systems.
Nucleus basalis
In two brains, the quality of the tissue encompassing NB was compromised during sectioning, thus making it difficult to reliably identify the nucleus and analyze data from these cases. Therefore the data reported for NB are representative of seven animals. Six hundred and eighty two retrogradely labeled putative cholinergic NB cells were identified across all animals. Representative low and high power images of retrogradely labeled putative cholinergic NB cells are shown in Fig. 2 . Ninety two cells were found to project to OFC, 112 cells to mPFC, and 67 cells to ACC. Ninety four cells were found to collateralize to both OFC and mPFC, 68 cells collateralized to OFC and ACC, and 100 cells collateralized to mPFC and ACC. The remaining 149 cells projected to all three regions ( Fig. 3B) . A chi square goodness of fit test was performed to determine if populations within the nucleus differed in size and was found to be highly significant [X 2 (6, n = 682) = 48.461, p = 0.000].
The rostrocaudal distribution (Fig. 3A ) of retrogradely labeled cells in NB shows that prefrontal projection neurons tended to cluster in the rostral portion of the nucleus. The median section is defined as the section to which half of all retrogradely labeled cells within a nucleus are rostral and the other half are caudal. Therefore, its position serves as an indicator of clustering in the rostrocaudal dimension. The average distance ± SEM between the most rostral point of NB (−0.8 mm AP from bregma) and the median section were as follows: OFC: 514.29 ± 61.21 µm; mPFC: 437.14 ± 36.36 µm; ACC: 462.86 ± 53.53 µm; OFC+mPFC: 462.86 ± 66.39 µm; OFC+ACC: 334.29 ± 25.71 µm; mPFC+ACC: 411.43 ± 33.20 µm; OFC+mPFC +ACC: 514.29 ± 46 .95 µm (Fig. 3C ). These all occurred within the rostral-most 25% of the nucleus, and the populations extended less than 50% of its rostrocaudal length. A Friedman test comparing the distance to the median sections for the various populations was found to be nonsignificant [X 2 (6, n = 7) = 9.873, p = 0.130].
Ventral tegmental area
Representative low and high power images of retrogradely labeled VTA cells are shown in Fig. 4 . A total of 1489 retrogradely labeled VTA cells were counted from 9 animals. Six hundred and fifty six cells were found to project to OFC, 376 cells projected to mPFC, and 279 cells projected to ACC. Fourty six cells collateralized to both OFC and mPFC, 43 cells collateralized to OFC and ACC, and 44 cells collateralized to mPFC and ACC. The remaining 45 triple labeled cells projected to all three regions simultaneously ( Fig. 5B) . A chi square goodness of fit test was performed to determine if populations within the nucleus differed in size and was found to be highly significant (X 2 (6, n = 1496) = 1701.709, p = 0.000).
The rostrocaudal distribution ( Fig. 5A ) of retrogradely labeled cells in the VTA showed that the highest number of cells were located in the rostral portion of the nucleus. Retrogradely labeled cells also tended to cluster within the medial zone of the nucleus. The average distance ± SEM between the most rostral point of VTA (−5.2 mm AP from bregma) and the median section for each population of projection cells were as follows: OFC: 760.00±40.00 µm; mPFC: 800.00 ± 60.83 µm; ACC: 860.00 ± 65.57 µm ( Fig. 5C ). These all occurred within the rostral-most 30% of the nucleus, but labeling extended to nearly the caudal end of VTA. A Friedman test comparing the distance to the median sections for the various populations was found to be nonsignificant [X 2 (2, n = 9) = 2.000, p = 0.368].
Dorsal raphe nucleus
Representative low and high power images of retrogradely labeled DRN cells are shown in Fig. 6 . Eight hundred and twenty retrogradely labeled cells were identified in DRN across nine animals. Two hundred and sixty eight cells were found to project to OFC, 350 cells projected to the mPFC, and 160 cells projected to ACC. Fourteen cells collateralized to both OFC and mPFC, 7 cells collateralized to OFC and ACC, and 17 cells collateralized to mPFC and ACC. Four cells possessed axon collaterals targeting all three regions simultaneously ( Fig. 7B) . A chi square goodness of fit test was performed to determine if populations within the nucleus differed in size and was found to be highly significant [X 2 (6, n = 820) = 1059.363, p = 0.000].
The rostrocaudal distribution of retrogradely labeled cells in the DRN (Fig. 7A ) showed that cells tended to cluster in the central portion of the dorsomedial zone of the DRN, dorsal to the medial longitudinal fasciculus. The average distance ± -SEM between the most rostral point of DRN (−7.04 mm AP from bregma) and the median section for each population of projection cells were as follows: OFC: 940.00 ± 58.31 µm; mPFC: 1160 ± 67.82 µm; ACC: 1080.00±42.42 µm (Fig. 7C ). These all occurred within the rostral half of the nucleus, and the populations extended roughly 66% of its length. A Friedman test comparing the distances to the median sections was found to be statistically significant [X 2 (2, n = 9)=8.867, p = 0.012]. Post-hoc pair-wise Wilcoxon signed rank tests were performed with a sequential Bonferroni correction applied to compare these same values between pairs of projection cell populations. Comparisons between the distance to the median sections of OFC and ACC projection neurons (Z=−1.823, p=0.068), and mPFC and ACC projection neurons (Z=−1.265, p = 0.206) were found to be nonsignificant. The comparison between populations of mPFC and OFC projection neurons, however, was found to be statistically significant (Z=−2.598, p = 0.009).
Locus coeruleus
Representative low and high power images of retrogradely labeled LC cells are shown in Fig. 8 . A total of 379 retrogradely labeled LC cells were identified across nine animals. Hundred and nine cells were found to project to OFC, 183 cells projected to mPFC, and 72 cells projected to ACC. Six cells collateralized to both OFC and mPFC, 2 cells projected to OFC and ACC, and 7 cells projected to mPFC and ACC. No cells were found that projected to all three regions simultaneously ( Fig. 9B) . A chi square goodness of fit test was performed to determine if populations within the nucleus differed in size and was found to be highly significant (X 2 (6), n = 379) = 422.736, p = 0.000).
The rostrocaudal distribution of retrogradely labeled cells in the LC (Fig. 9A) shows that retrogradely labeled cells tended to fill the compact core of the nucleus without any other evidence of topographic ordering. The average distance ± SEM between the most rostral point of LC (−9.16 mm AP from bregma) and the median section for each population of projection cells was as follows: OFC: 500.00 ± 65.57 µm; mPFC: 600.00 ± 30.00 µm; ACC: 540.00±42.42 µm (Fig. 9C ). The median sections all fell within the rostral half of the nucleus, and the populations extended roughly 75% of its length. A Friedman test comparing the distances to the median section for each population was found to be nonsignificant [X 2 (2, n = 9) = 2.000, p = 0.368].
Internudear differences
To determine if differences existed between nuclei in the tendency for their PFC projection neurons to cluster along their rostrocaudal axes, topography ratios were calculated for each animal (Fig. 10 ). For the two animals from which NB data was missing, the mode was substituted as the numerator of the ratio. A value of 0.00 for this ratio would indicate that all retrogradely labeled cells were located in the most rostral section of the nuclei, 1.00 would indicate that all were located in the most caudal section of the nuclei, and a value of 0.50 would indicate that half of all cells were rostral, and the other half caudal, to the central section of the nucleus. A Friedman's test with significance level set to 0.05 was found to be highly significant [X 2 (3, n = 9) = 23.133, p = 0.000]. Post-hoc pair-wise Wilcoxon signed rank tests were performed with a sequential Bonferroni correction applied. The comparisons between VTA and NB (Z = −2.719, p = 0.007), DRN and NB (Z=−2.677, p = 0.007), LC and NB (Z=−2.701, p = 0.007), DRN and VTA (Z=−2.558, p = 0.011), and LC and VTA (Z = −2.687, p = 0.007) were all found to be significant. The comparison between and DRN and LC (Z=−0.892, p = 0.373) was not found to be nonsignificant.
To determine if the relative sizes of populations of single-and multi-labeled cells were consistent between nuclei a chi square contingency test was performed and found to be highly significant [X 2 (3, n = 9)=954.838, p = 0.000]. Post-hoc pair-wise comparisons were performed with A Bonferroni correction applied such that significance was set to p=0.0083. The comparison between DRN and LC was found to be nonsignificant [X 2 (l, n = 9)=0.776, p = 0.378. The comparisons between VTA and NB [X 2 (1, n = 9) = 553.276, p = 0.000], VTA and DRN [X 2 (1, n = 9) = 28.737, p = 0.000], VTA and LC [X 2 (1, n = 9) = 20.902, p = 0.000], NB and DRN [X 2 (1, n = 9) = 537.476, p = 0.000], and NB and LC [X 2 (1, n = 9) = 321.416, p = 0.000] were all found to be highly significant (data not shown).
Discussion
This study is the first of its kind to actively compare the distribution and collateralization of projections arising from the major brainstem neuromodulatory systems and terminating in subregions of the PFC. We used multiple, counterbalanced fluorescent retrograde tracer injections in single animals to identify and compare the distributions and relative size of the populations of neurons comprising these projection systems. We further characterized the degree of axonal collateralization among neurons that project to PFC subregions. Our results demonstrate that VTA, DRN and LC projection neurons targeting PFC are largely nondivergent and possess restricted axons typically targeting only one of three subregions. The PFC projection originating in NB, on the other hand, is comprised of both divergent and non-divergent neurons.
Technical considerations
As with any retrograde tracing experiment designed to assess axon collateral projections to distributed terminal fields, one must carefully consider the properties of each tracer employed. Many tracers are available, including fluorescently labeled latex microspheres, Fluoro Gold, Fast Blue, nuclear yellow, and several dextran conjugates of varying molecular weight. In this study, we used rhodamine, fluorescein, and Cascade Blue tagged 10,000 Da dextran solutions as our retrograde tracers of choice to ensure that all were as structurally similar as possible, thereby increasing the likelihood of uniform uptake and transport in all terminal fields. This was necessary because all animals received three different tracer injections, one into each PFC subregion. These high molecular weight dextrans have been well validated for use in retrograde tract tracing studies (Schofield, 2008; Schofield et al., 2007) . However, if it was in fact the case that one of the tracers was more efficiently taken up and transported than others, injections were counterbalanced between subjects to correct for any disproportions in the data. It has been shown previously that a combined injection of fluorescein and rhodamine 10,000 Da dextran into the same structure produces >96% double labeling of afferent neurons (Schofield et al., 2007) ; as such, these tracers are clearly capable of producing substantial retrograde double labeling. Although higher molecular weight dextrans are typically used for anterograde tracing, we have likewise shown that these tracers also show strong propensity for retrograde transport. Importantly, we obtained similar results for the LC projection to OFC and mPFC using more conventional retrograde tracer substances (red and green fluorescently labeled latex microspheres, LumaFluor, Naples FL, see Fig. S1 ). In the present study we included the ACC as a region of interest. Thus, it was necessary to use an additional tracer; as such, we selected fluorescent dextrans which are available with a variety of fluorescent markers. Because our unpublished data ( Fig. S1 ) using latex microspheres so closely match the present data, we believe that the results obtained for VTA, DRN and LC accurately reflect the absence of divergent axons projecting to OFC, mPFC and ACC, and not an artifact of preferential or competitive tracer uptake and transport. This is further supported by the data obtained for NB, which shows large populations of divergent axons within the same animals, suggesting that uptake of multiple tracers can occur in multiple axons originating from the same cell.
A potential explanation for the lack of divergence of DRN and LC neurons identified here lies in the choice of tracer. Many previous retrograde tract tracing studies investigating the projection from these nuclei to various brain structures employed the use of low molecular weight tracers (Del Cid-Pellitero and Garzon, 2011; Fallon and Loughlin, 1982; Kirifides et al., 2001; Loughlin and Fallon, 1984; Loughlin et al., 1982; Lu et al., 2001; O'Hearn and Molliver, 1984; Simpson et al., 1997; Van Bockstaele et al., 1993; Villar et al., 1988; Wilson and Molliver, 1991) . Recent physiological and ultrastructural studies, however, suggest that cells within these nuclei may in fact be electrotonically coupled via gap junctions (Alvarez-Maubecin et al., 2000; Ballantyne et al., 2004; Buma et al., 1992; Fuxe et al., 2007; Ishimatsu and Williams, 1996; Masaki et al., 2004; Oyamada et al., 1999; Rash et al., 2007; Van Bockstaele et al., 2004; Yasui et al., 2007) . While not all gap junctions are composed of the same connexin subunits (Nicholson et al., 2000; Weber et al., 2004) , it is generally accepted that they allow the diffusion of molecules up to 1000 Da directly between cells (Harris, 2001; Weber et al., 2004; Yeager and Nicholson, 1996) . The molecular weights of Fluoro-gold, propridium iodide, nuclear yellow, fast blue, and true blue are 532.6, 668.4, 651.01, 300.35, and 578.87 Da, respectively. Therefore, prior accounts of multiple labeled, highly divergent neurons in DRN and LC projecting to functionally distinct and spatially segregated brain regions may have been an artifact of low molecular weight tracers diffusing into neurons which, in reality, do not project to multiple diverse targets. Future experiments may revisit this issue with higher molecular weight tracers such as the 10,000 Da fluorescent dextrans we have used here. Such studies could potentially alter the current understanding of the anatomy of these ascending modulatory systems. High molecular weight tracers were intentionally chosen in this study rather than 3000 Da or smaller dextrans to eliminate any possibility of diffusion between gap junctions. These 10,000 Da dextrans have previously been shown to produce effective retrograde transport in brain (Schofield, 2008; Schofield et al., 2007; Vercelli et al., 2000) , which is in agreement with the high number of retrogradely labeled somata we have shown in this study.
It is equally important to assess the degree of variability between injections within and between animals when interpreting comparative retrograde tracing data. To identify potential differences between injections into different PFC subregions within and across subjects, the residual fluorescence from representative injection site sections were mapped onto corresponding atlas images. The areas of each of the regions containing this residual fluorescence were calculated using ImageJ software (NIH). These values were multiplied by the distance between consecutive representative sections (0.5 mm), and summed to produce a representative index of the volume of tissue in each cortical region that was exposed to tracer. These values were compared using a mixed design ANOVA. This analysis showed that a significantly greater volume of OFC was exposed to tracer than mPFC. This may indicate that the number of identified OFC projection neurons throughout the brain may be disproportionately large compared to the other populations of retrogradely labeled projection cells. It is also important to note that in some animals, tracers sometimes diffused farther rostrally and caudally than in others. Therefore, subsets of projection cells could potentially be identified in these brains that could not be revealed in others. For example, if we were to subdivide OFC into rostral, intermediate, and caudal zones, and these zones were innervated by discreet populations of afferent cells, then differential proportions of these populations would be labeled in different animals depending on how far the tracer diffused from the intermediate region into the rostral and caudal regions, case by case. However, our data are pooled from across all animals to provide a more global perspective of the innervation patterns of OFC, mPFC and ACC as singular entities, rather than further subdividing them.
Future studies may investigate whether such differences in afferent projection patterns exist between subregions of OFC, mPFC and ACC. Such fine grained anatomical resolution could not be achieved in the present study. However, despite the difference in the volume of OFC and mPFC filled by tracer injection, and the inter-animal variability between the boundaries of affected tissues, the main finding of non-divergent projections of VTA, DRN and LC neurons, and more pronounced collateralization of NB neurons to PFC subregions, remains the same. These anatomical findings and their functional implications for each nucleus and for these systems in general are considered below.
Nucleus basdlis
Through the use of multiple fluorescent retrograde tracers, NB was determined to contain a large proportion of neurons projecting to multiple PFC terminal field regions simultaneously. This is in direct contrast to previous accounts of cholinergic NB anatomy which have described mostly single-labeled non-divergent neurons following injection of multiple retrograde tracers into various forebrain regions (Bigl et al., 1982; Carlsen et al., 1985; Coyle et al., 1983; McKinney et al., 1983; Price and Stern, 1983) . These prior studies, however, tended to inject pairs of structures that were either functionally unrelated or spatially distant from one another. The present study concentrated on PFC sub-regions associated with specific aspects of cognitive function. Because of the axon collateral distribution from individual cells our results suggest that global PFC function may be optimized by uniform and synchronous acetylcholine release throughout its subregions. It has been shown that acetylcholine release in neocortex generally promotes vigilance and environmental awareness by desynchronizing slow cortical EEG patterns, and also increases the signal to noise ratio of incoming sensory information (Wenk, 1997) . Furthermore, acetylcholine acts on both GABAergic and glutamatergic systems in cortex to suppress weaker inputs more than strong inputs Ashe, 1995a, 1995b; Metherate et al., 1992) , which may prepare discrete PFC networks to respond to specific behaviorally relevant stimuli that elicit large neural responses, while filtering out behaviorally irrelevant stimuli that do not. The efferent topography that we have identified here is in general agreement with previous accounts of NB anatomy Pang et al., 1993) , although no unique topographical organizations for individual populations of projection systems were identified.
Ventral tegmental area
While this portion of the study was primarily designed to identify the dopaminergic projection to subregions of PFC, we unexpectedly found a high proportion of non-TH immunoreactive retrogradely labeled neurons (Fig. 4) . Note that only one cell in Fig. 4 (column i, upper left, mPFC projection neuron) was tyrosine hydroxylase (TH) positive. This indicates the existence of a major non-dopaminergic pathway arising in VTA and terminating in OFC, mPFC and ACC. Because we did not quantify the proportion of cells within these populations that were TH versus non-TH immunoreactive, future studies should focus on identifying these neurochemical subtypes and clarifying the uniqueness of their relationship to PFC projection targets. However, our findings of mostly non-divergent VTA neurons targeting OFC, mPFC and ACC are consistent with prior accounts of its anatomy (Loughlin and Fallon, 1984; Sobel and Corbett, 1984) . The rostrocaudal distribution of retrogradely labeled VTA neurons we have identified is also in general agreement with literature reports of its efferent topography (Beckstead et al., 1979; Carter and Fibiger, 1977; Fallon et al., 1978; Fallon and Loughlin, 1982; Moore, 1978a, 1978b; Loughlin and Fallon, 1984; Sobel and Corbett, 1984) , although the efferent topographies observed did not differ from one population of projection neurons to the next. The organization reported here suggests that dopamine or other transmitter release may occur independently in OFC, mPFC and ACC. Furthermore, the disparate size of these independent projections suggests that transmitter release is not uniform across all three subregions. OFC receives input from the greatest number of cells in VTA, and therefore may be subject to the greatest degree of regulation via VTA output. However, this is also dependent on several other factors, including the density of release points in each of the terminal fields, as well as the distribution of receptors, transporters, and metabolic enzymes expressed in the target tissue. Future studies will be needed to explore this possibility.
Dorsal raphe nucleus
In DRN we identified independent populations of non-collateralizing DRN neurons projecting to OFC, mPFC and ACC. This contradicts previous accounts of DRN anatomy, which have shown the nucleus to be more divergent than VTA. However, the lack of overlap between cells projecting to subregions of PFC does agree with previous observations that single axons collateralize to innervate functionally related structures (Abrams et al., 2004; Sobel and Corbett, 1984; Van Bockstaele et al., 1993) . Furthermore, our findings are also in general agreement with prior reports of the efferent topography of the nucleus (Abrams et al., 2004; Kirifides et al., 2001; O'Hearn and Molliver, 1984; Van Bockstaele et al., 1993; Vertes, 1991; Villar et al., 1988; Waterhouse et al., 1986 Waterhouse et al., , 1993 such that the majority of retrogradely labeled cells were found in the rostral and central portions of the nucleus, just dorsal to the medial longitudinal fasiculus. No cells were identified in the lateral wings, which are typically viewed as sub-cortically projecting regions of DRN. Interestingly, it was shown that the OFC projection neurons in DRN tend to cluster significantly more rostrally in the nucleus than do those projecting to mPFC. This anatomical segregation may underscore other potential differences between these groups of cells, such as neurochemical or physiological disparities. This possibility remains to be explored. However, as was the case in VTA, it appears that the DRN maintains an efferent topographic organization capable of independent serotonin release in PFC subregions. Likewise, the size of these projections was not uniform, such that injection of tracer into mPFC consistently labeled the most DRN cells. Again, this anatomical feature may provide for differential release of serotonin in OFC, mPFC and ACC, thereby promoting distinct network effects between regions upon global activation of DRN. Physiological analyses of the serotonergic system in subregions of PFC are needed to validate these hypotheses. As in VTA, the neurochemistry of retrogradely labeled cells was not consistent: both serotonin immunoreactive and nonserotonergic neurons were identified in DRN that projected to the various subregions of PFC. Future studies should further explore the relationship between these neurochemical phenotypes and prefrontal projection targets.
Locus coeruleus
Previous reports of LC anatomy agree that all neurons within the borders of the nucleus contain norepinephrine and thus we conclude that all of the prefrontal projection neurons observed here were noradrenergic. The results of many studies indicate that this nucleus is highly divergent with modest efferent topography Waterhouse et al., 1983 Waterhouse et al., ,1993 . While our data likewise support a lack of stringent efferent topography, they strongly contrast with accounts of its axonal divergence. Accordingly, LC is anatomically structured to promote independent norepinephrine release in, and modulation of, OFC, mPFC and ACC. Under appropriate conditions independent activation of subsets of LC-PFC projection neurons would therefore provide for discrete release of norepinephrine in PFC subregions. The distribution of efferent neurons identified in LC was similar to that identified in DRN, such that the largest population of labeled cells projected to mPFC. Thus, the same potential physiological principles may apply to DRN and LC such that with simultaneous or near simultaneous activation of the nucleus, norepinephrine would still be differentially distributed across PFC subregions. Although LC containing sections underwent immunofluorescent staining for galanin rather than TH or dopamine p hydroxylase (DBH), this procedure still allowed us to identify the boundaries of the nucleus. This was done to permit us to identify neurochemical heterogeneity amongst LC-PFC projection cells, as it is known that all cells within this nucleus express DBH and therefore contain norepinephrine (Berridge and Waterhouse, 2003) . It is important to note that some, but not all retrogradely labeled cells in LC expressed the neuropeptide galanin. This suggests that this neuroactive peptide may be released from some but not all terminals in PFC. An important consideration for future studies is the relative distribution of galanincontaining projections to PFC subregions, as this may result in differential release and therefore unique peptidergic effects on terminal field physiology.
The organization of the LC efferent projection identified here accords well with adaptive gain theory, a computational model of LC function Cohen, 2005a, 2005b) . This model suggests that during optimal behavioral performance, LC neurons are capable of acting as independent units and modulating restricted terminal field regions to promote exploitation of the current behavioral strategy. Then, as behavioral performance decreases, or in times of stress, LC neurons begin to fire tonically en masse through dendritic electrotonic coupling, orchestrating a more homogeneous effect on network properties throughout all terminal field regions of LC (Aston-Jones and Cohen, 2005a Cohen, , 2005b . In this mode, animals are less focused on specific stimuli, and scan the external world in order to identify new relevant stimuli or escape strategies from environmental threats. At this point, LC neurons begin to fire phasically and independently again to promote a newly adaptive behavioral strategy. The distribution of LC efferents that we have demonstrated fits well with this theory, i.e., independent modulation of prefrontal subregions to promote dissociable behavioral operations of these areas would depend on the existence of neuronal subpopulations that project exclusively to restricted targets. Then, as the utility of a behavioral strategy declines, these LC-PFC projection neurons begin to fire together, affecting the network properties of all subregions simultaneously, and changing the behavioral output of the animal. The distribution of LC efferents may, therefore, be highly relevant with regard to the maintenance of executive functions.
Internudear differences
In addition to the differences in size of the populations of cells projecting to OFC, mPFC and ACC within nuclei, we have also shown that the levels of axonal divergence are not consistent between nuclei. Specifically, NB contained a significantly greater proportion of multi-labeled neurons than did VTA, DRN and LC, while VTA contained a significantly greater proportion of multi-labeled neurons than did DRN or LC. The latter two nuclei, on the other hand, shared similar proportions of single and multi labeled neurons projecting to the various subregions of PFC. These data suggest that the degree of axonal collateralization to subregions of PFC is not uniform between all ascending neuromodulatory systems. We also showed that cumulative populations of all PFC projection neurons are not equally distributed along the rostrocaudal extents between nuclei. Specifically, projection cells were clustered significantly more rostrally in NB than they were in VTA, DRN and LC, while those in VTA were clustered significantly more rostrally than those in DRN and LC. LC and DRN, on the other hand, showed similar rostrocaudal distributions of PFC projection neurons (Fig. 10) . Taken together, these distribution patterns may indicate the anatomical segregation of prefrontal function within these nuclei.
Conclusions
Based on their anatomical properties, neurons in VTA, DRN and LC appear to be anatomically aligned to promote independent modulation of OFC, mPFC and ACC. This may suggest the existence of a previously unidentified segregation of prefrontal cortical function within these nuclei. Whether or not these nuclei are physiologically capable of such independent modulatory actions, and the consequence of such an organization on prefrontal network properties however, remains to be explored. Conversely, NB was found to be highly divergent, with many cells possessing axons targeting two or more prefrontal subregions simultaneously. Therefore, activation of these cells results in a more uniform release of acetylcholine across several terminal fields simultaneously. This, however, does not suggest that this organization is random and indiscriminant; it may rather indicate that prefrontal function is optimized by widespread acetylcholine release. Furthermore, these results show that cells within NB, VTA, DRN and LC do not project to each prefrontal terminal field, or combination thereof, with equal probability. This suggests that these organizations are not reflective of some underlying developmental processes that randomly bring axons from these cells to subregions of PFC. Rather, these nuclear organizations appear to be developmentally programmed and may have some functional bearing on prefrontal cortical pharmacology and physiology.
The observations in this study are strictly anatomical in nature, and thus, we are unable to definitively state with any degree of certainty their physiologic consequence. A multifaceted approach that attempts to characterize these populations of cells through biochemical, pharmacological and physiological assays will provide a multi-level analysis of their biology and provide novel insights to their regulatory role in PFC-dependent behavior, cognition and executive function. Such studies could potentially reveal a previously unrecognized segregation of prefrontal cortical function in these four ascending neuromodulatory nuclei and provide a means of independently or globally regulating their prefrontal terminal fields for both experimental and therapeutic purposes. Furthermore, the efferent topographies and distributions identified in this study represent the state of the healthy adult ascending neuromodulatory pathways. A goal of future studies is to compare the distribution of prefrontal projection neurons within these nuclei in animal models of neuropsychiatric and neurodegenerative disease. For example, evidence suggests that in Alzheimer's and Parksinson's diseases, some LC neurons degenerate selectively (Gesi et al., 2000; Grimm et al., 2004; McMillan et al., 2011; Miguelez et al., 2011; Szot et al., 2010; Weinshenker, 2008) . It may be that such degeneration targets LC-PFC projection neurons that play a role in the cognitive decline associated with these diseases. The current findings provide a rationale for additional experiments designed to further characterize basal forebrain and brainstem PFC projection neurons on the basis of different physiological properties, as well as determine the susceptibility of these organizations to pharmacological, biochemical, environmental, pathological or genetic insult. Such studies would be instrumental in furthering the collective understanding of the roles of these ascending neuromodulatory systems in normal PFC and cognitive function, as well as their dysfunction and contribution various pathophysiological processes.
Experimental procedures

Retrograde tracing
The Drexel University College of Medicine Institutional Animal Care and Use Committee (IACUC) approved all animal procedures and protocols. Ten young adult male Sprague-Dawley rats (Taconic), weighing between 250 and 350 g were used in this study. Each rat was deeply anesthetized through isoflurane inhalation (4%) and placed in a stereotaxic frame. Isoflurane concentration was decreased to 2.5% after reaching a surgical plane of anesthesia. Body temperatures were monitored and controlled throughout the entire surgical procedure. Coordinates for tracer injection (Paxinos and Watson, 1997 ) from bregma, were as follows: OFC: AP = +4.2 mm; ML = ±3.0 mm; DV = −3.2 mm@15° from the dura; mPFC: AP = ±3.2 mm; ML=±1.8 mm, DV = −3.9 mm@15° from the dura; ACC: AP = +1.5 mm; ML = ±1.3 mm; DV = −2.5@15 deg mm from the dura. All injections were made into the left hemisphere. Craniotomies were drilled and a 32 gauge steel microinjection cannula connected to a 1.0 µl Hamilton syringe via polyethylene tubing was stereotaxically lowered to each DV coordinate, and withdrawn by 0.2 mm. A 0.3 µl injection of one of three fluorescently labeled 10,000 Da dextran solutions (2% in 0.1 M PBS; Fluoro Ruby, Fluoro Emerald, and Cascade Blue dextran, Invitrogen) was made independently into each region using a motorized syringe pump (World Precision Instruments SP101I), into each region at a flow rate of 0.036 µl/min. Each cannula remained in place for 20 min before removal. Injections were counterbalanced between surgeries. Craniotomies were filled with sterile bone wax, and the incision was closed with wound clips. Following a survival time of 7 days, the rats were deeply anesthetized with 4% isoflurane and perfused through the heart with 300 ml 0.1 M phosphate buffer followed by 500 ml 4% paraformaldehyde (PFA) solution. The rats were decapitated and their brains were extracted. The brains were postfixed overnight in 4% PFA solution, and cryoprotected in 20% sucrose solution.
Tissue processing and immunofluorescence
On a Leica sliding freezing microtome, 80 µm coronal sections of prefrontal cortex were collected in PBS, mounted on gelatin coated slides, counterstained with deep red fluorescent Nissl stain (Invitrogen) and cover slipped with FluoroMount (Sigma) for verification of injection sites. Next, a 1:6 series of 30 µm coronal sections containing the nuclei of interest were collected in 0.1 M phosphate buffered saline (PBS); therefore consecutive sections from the same series were 180 µm apart. Sections underwent immunofluorescent processing to define neurochemically specific boundaries of each nucleus. For all stains, sections underwent three 10 min washes is 0.1 M PBS, followed by a 90 min preincubation in 4% normal serum in 0.1 M phosphate buffered saline containing 0.3% Triton-X (PBST) and were then transferred to a primary antiserum solutions (1:500 in PBST). Sections were incubated in the antiserum for 48 h at 4° before undergoing three 10 min washes in 0.1 M PBS. Sections were then incubated in secondary antiserum solutions (1:500 in PBST). After three final 10 min washes in 0.1 M PBS, sections were mounted on gelatin-coated glass slides, air-dried, cleared in xylene for 1 min, air dried a second time and cover-slipped with FluoroMount (Sigma). Sections were immunostained using the following antibodies: NB: primary: goat anti-vesicular acetylcholine transporter (VAChT; ImmunoStar 24286; 1:500); secondary: rabbit anti-goat AlexaFluor 647 (Invitrogen, 1:500). Immunolabeling is completely abolished by pre-adsorption with synthetic rat peptide corresponding to VAChT amino acids 511-530, and the antibody recognizes recombinant VAChT but not vesicular monoamine transporter in transfected cells (Arvidsson et al., 1997) . Immunolabeling is also completely abolished by the exclusion of the antibody from the primary antiserum.
VTA: primary: rabbit anti-tyrosine hydroxylase (TH; Milli-pore AB152; 1:500); secondary: goat anti-rabbit AlexaFluor 647 (Invitrogen 1:500). The anti-TH antibody recognizes a band of 62 kDa by Western blot (manufacturer data sheet). TH staining was abolished by the exclusion of the antibody from the primary antiserum. DRN: primary: rabbit anti-5HT (Sigma S5545; 1:500); secondary: goat anti-rabbit AlexaFluor 647 (Invitrogen, 1:500). Immunostaining is abolished by preincubation of diluted antiserum with 500 µM serotonin or 200 µg/ml BSA-conjugated serotonin. Staining is not inhibited by preincubation with 500 µM L-tryptophan, 5-hydroxytryptophan, Nacetylserotonin or dopamine (manufacturer data sheet). Exclusion of the antibody from the primary antiserum completely abolishes immunolabeling. LC: primary: rabbit anti-galanin (Peninsula Labs T4334; 1:500), secondary: goat anti-rabbit AlexaFluor 647 (Invitrogen, 1:500). The primary antibody interacts with rat, human and porcine galanin, but not vasoactive intestinal peptide, secretin, substance P, or neuropeptide Y (manufacturer data sheet), and recognizes a single 13 kDa band on a Western blot (UniProt, 2009) . Preincubation of the primary antiserum with the immunizing peptide abolishes all immunostaining (Landry et al., 2006) . Immunostaining was also abolished by the exclusion of the anti-galanin antibody from the primary antiserum.
Verification of injection sites
A Leica DMR fluorescence microscope equipped with a Qlmaging Retiga EXi Camera (Model RGB-MS-C) was used to photograph the residual fluorescent "halo" produced by tracer injection in PFC sections 0.5 mm apart. These images were then mapped onto corresponding atlas images (Paxinos and Watson, 1997) , and the areas of the portions of tissue containing fluorescence were calculated using ImageJ software (NIH) for every section. To obtain an estimated volume of OFC, mPFC and ACC that was filled by tracer in each animal, these areas were summed for each PFC subregion, and then the values were multiplied by the distance between representative sections (0.5 mm). These values were compared using a mixed design ANOVA.
Cell counting
A Leica DMR fluorescence microscope equipped with a Qlmaging Retiga EXi Camera (Model RGB-MS-C) was used to verify injection sites and visualize NB, VTA, DRN and LC. Any brains in which tracer was found to have diffused beyond anatomically defined borders of OFC, mPFC or ACC were excluded from subsequent analysis (n = 1). Nuclei were visually scanned at 40 × magnification through all three fluorescence filters to identify potential retrogradely labeled neurons. Whenever a cell was identified, it was surveyed through all four fluorescence channels at 63 × magnification to confirm which tracers it contained and its neurochemical identity. Injection site images (1.0 ×), as well as low (10 × − 20 ×) and high power (100 ×) fluorescent photomicrographs containing source nuclei were generated with QCapture Pro software. Because of the diffuse nature of the cholinergic cells in NB, only retrogradely labeled cells that stained positively for VAChT were included in the analysis. VTA, DRN and LC, on the other hand, are more compact, and well defined anatomical boundaries of these nuclei were evident from visual inspection and on the basis of TH, 5HT and galanin immunofluorescence, respectively. Any retrogradely labeled cells within these neurochemically defined anatomical boundaries of the nuclei were included in the analysis, including those that did not stain positively for TH, 5HT, and galanin.
Analysis
For each nucleus, a chi square goodness of fit test was performed to test the null hypothesis that cells project to each possible combination of terminal fields (OFC only, mPFC only, ACC only, OFC and mPFC, OFC and ACC, mPFC and ACC, OFC, mPFC and ACC) with equal probability (expected value for each population=total number of retrogradely labeled cells/7). Significance level was set to p = 0.05.
To determine if unique intranuclear topographies existed for any of these populations, for each nucleus in each animal, the distance between the most rostral brain section containing each nucleus and the section in which half of all the retrogradely labeled cells were rostral and the other half caudal (the median section), was calculated. These values were then compared with a Friedman test with significance set to p = 0.05. For nuclei in which significance was revealed by the Friedman test, individual pair-wise post-hoc Wilcoxon signed rank tests were performed, with a sequential Bonferroni correction applied.
To determine if the level of axonal divergence was consistent between nuclei, a 4 (nucleus) × 2 (labeling; single or multi-labeled) chi square contingency test was performed with significance level set to p=0.05. Post-hoc pair-wise comparisons were made with individual 2×2 chi square contingency tests with a sequential Bonferroni correction applied.
To determine whether or not there were differences in the rostrocaudal clustering of retrogradely labeled cells between nuclei, the position of the median section of all retrogradely labeled cells in each nucleus of each animal was determined. A ratio of this number relative to the absolute length of each nucleus as determined by Paxinos and Watson (1997) was created (hereafter referred to as the topography ratio), and these numbers were compared by a Friedman test with significance level set to p = 0.05. (A) Representative photomicrographs of injection sites in OFC (blue fluorescence), mPFC (green fluorescence) and ACC (red fluorescence) from a single animal. A schematic representation of the rostrocaudal extent of injection sites was created using data pooled from all subjects (n = 9), i.e. the largest and smallest injections at each level are illustrated. The area of the tissue in each section that contained residual fluorescence was calculated with ImageJ software. The boundaries of the largest (lighter color) and smallest (darker color) areas containing fluorescence in each section are shown in B. The mean area filled with residual fluorescence for each PFC subregion was calculated across all 9 animals and was plotted as a function of each section's distance from bregma, and is shown in C.
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Individual photomicrographs of sections in A and schematics in B align with the values along the X axis of C. The area under each curve in C was calculated to obtain an estimate of the volume of tissue in each PFC subregion that was filled with tracer; these values are shown in D. A significantly greater volume of OFC was filled than mPFC (p<0.05). (A) Mean number of retrogradely labeled DRN cells per section per rat according to rostrocaudal position for the various populations of projection neurons. (B) Cumulative (left axis) and mean ± SEM (right axis) counts of retrogradely labeled neurons projecting to each possible combination of terminal fields from all animals (n = 9). (C) Distance to the median section, last section which contained retrogradely labeled neurons, and the end of the nucleus ± SEM for the three populations of singly-projecting neurons. Note that roughly one-third to one-quarter of the nucleus, i.e. the caudal tail, is devoid of retrograde labeling. OFC projection cells in DRN cluster significantly more rostrally than do mPFC projection cells (p<0.05). DRN, dorsal raphe nucleus; 5HT, serotonin; OFC, orbitofrontal cortex; mPFC, medial prefrontal cortex; ACC, anterior cingulate cortex. Distance to the median section for all populations of cells relative to the absolute length of each nucleus. Values closer to zero indicate that cells were clustered more rostrally, while values closer to one indicate that cells clustered more caudally. *: significantly different from NB; #: significantly different than VTA. NB: Nucleus basalis; VTA: ventral tegmental area; DRN: dorsal raphe nucleus; LC: locus coeruleus. Table 1 Raw counts of retrogradely labeled cells in NB projecting to all possible combinations of terminal fields. Raw counts of retrogradely labeled cells in DRN projecting to all possible combinations of terminal fields. Raw counts of retrogradely labeled cells in LC projecting to all possible combinations of terminal fields. 
